Abstract-This paper presents a modular and generic micromachined oven-control system for use with miniature micro-electro-mechanical system (MEMS) transducers. The micro-oven-controlled off-the-shelf commercial six-axis MEMS inertial measurement unit (IMU), Invensense MPU-6050, provides the lowest reported temperature-induced root of sum of squares bias errors of 62.71°/h and 1.920 mg from −40°C to 85°C for three-axis gyroscopes and three-axis accelerometers, respectively. The micro-oven control system provides thermal isolation from the surrounding environment using a micro-machined isolation platform, vacuum-sealing, and a metal package. In addition, a CMOS temperature sensor, a proportional-integral-derivative-based temperature control scheme, and least mean square and random forest compensation algorithms are utilized to reduce temperature-induced bias drifts of IMUs. The most stable axes achieve peak-to-peak bias drifts of 12.78°/h and 665.2 ug during a thermal-cycle test for gyroscopes and accelerometers, respectively. The oven's heater power consumption is <125mW at the lowest temperature, −40°C. This oven-control system can be applied to a wide range of MEMS sensors to reduce performance degradation due to temperature variation.
Main causes for temperature-induced errors in inertial sensors include: 1) changes in material properties, which lead to drift in bias, noise, and scale factor; 2) drift in the associated sense and control electronics [1] ; and 3) different coefficients of thermal expansion (CTE) between the package and the sensor element [2] [3] [4] .
Temperature-induced errors in inertial sensors can be divided into two categories: zero-rate errors and nonzero-rate errors [5] , [6] . A zero-rate error is the existence of a nonzero finite output in the inertial sensor when no inertial input is applied (this is sometimes referred to as bias). This type of error becomes very problematic and pronounced when the surrounding temperature changes. A nonzero-rate error refers to an inaccurate output when there is a finite amount of inertial input. An example of this type of error is the scale factor (SF) error, which is also very susceptible to temperature changes. A number of methods have been proposed to address these problems, of which (a) foreground temperature compensation, (b) background temperature compensation, and (c) temperature control have proven most effective.
Foreground temperature compensation utilizes the measured temperature and calibration data of the sensor output to electronically correct for sensor output variations due to temperature. As such it requires that reliable sensor output vs. temperature be available. Temperature compensation is attractive because no additional sensor packaging and hardware are needed, and all corrections are achieved electronically. However, temperature compensation alone is usually insufficient to remove all temperature-induced errors, and cannot mitigate these errors by more than a factor of 10 for long in-run operation. Background compensation utilizes machinelearning techniques to update measured parameters in realtime, thus making it attractive for long in-run applications. However, because of the need for significant signal and data processing, it is usually not suitable in small systems. In addition, the reported performance to date is not as good as any temperature-controlled inertial sensors [7] . Finally, the temperature control method utilizes a heated platform whose temperature is actively controlled and kept at a constant predetermined value using a heater and temperature sensor even when the temperature surrounding the platform changes. The sensor of interest is supported by the platform and is also maintained at a constant temperature. Consequently, the sensor output will not change when the outside temperature changes. This method provides the best in-run bias and SF stability of the three approaches. However, it consumes power because the platform needs to be heated. Therefore, minimizing power consumption is one of the most important tasks in the design of temperature-controlled systems.
Temperature (or oven) control has been adopted and used for decades in certain applications, including oscillators (oven-controlled crystal oscillator (OCXO)) and timing units. The OCXO has successfully provided very stable performance [8] , [9] . However, most existing OCXOs dissipate high power due to inadequate thermal isolation, limiting their possible applications. To make a low power oven-control system, a number of groups have developed an integrated system with an isolation platform and a vacuum-sealed package [10] [11] [12] [13] [14] . Some of these approaches are aimed at monolithically integrated resonators fabricated in a custom designed process to form an integrated device with an isolation platform and a heater [10] [11] [12] . Others use a hybrid attachment method with a device mounted on an isolation platform [13] , [14] . The first approach has the advantage of having a small size and very high thermal conduction between the local heater and resonator, thus reducing its power dissipation to a few mW [10] . However, this custom approach is useful only for a completely integrated system where the device, platform, heater and temperature sensors are fabricated in the same process. This limits the range of applications and device designs that can benefit from ovenization. In the latter approach, the oven-controlled system can accommodate different sensors fabricated using different technologies, and it has been shown to provide better performance [13] , [14] . Figure 1 shows the overall architecture of the micro-oven control system reported in this work. Low power consumption was achieved using a micro-machined isolation platform that supports a hybrid-attached IMU, sealed in a vacuum environment, and shielded from the outside using a metal package. A heater-driving circuit with a proportional-integralderivative (PID) controller was then used for temperature control. Nonlinear residual bias errors are calibrated and compensated using two different types of compensation algorithms, the least mean squared (LMS) and the random forest. To the best of our knowledge, although there have been a number of efforts to improve temperature-induced errors, no effort to date has attempted to utilize oven-control and temperature compensation together.
The rest of this paper is organized as follows: In Section II, we describe our hermetically-packaged 6-axis IMU (Invensense MPU-6050) and its heat transfer mechanism. Implementations of the entire oven-control system including a temperature control scheme and compensation algorithms are then described in Section III. Measurement and comparison results are summarized in Section IV, and conclusions and suggestions for future work are provided in Section V.
II. HEAT TRANSFER MECHANISM IN HERMETICALLY-PACKAGED 6-AXIS IMU
An appropriate method is required to mitigate temperatureinduced bias drifts, and one of the most effective techniques is oven-control. The most successful and commonly used oven-controlled device is the OCXO [8] , [9] , which provides excellent performance in terms of frequency stability to within parts-per-billion (ppb) range over the temperature span of −40°C to 85°C. To achieve this high level of accuracy, however, the system has to consume very high power -more than 1W. This high power dissipation limits the application of oven-control systems that are large or not properly packaged to those in which such high power consumption is not a critical issue. Therefore, it is important to develop appropriate ways to reduce power consumption by understanding the heat transfer mechanisms in the oven-control system, while achieving excellent performance.
Heat is transferred from the heated platform (heat source) to the surrounding environment through solid conduction, gas conduction/convection, and radiation. Solid conduction refers to heat transfer due to the existence of a temperature gradient across a solid object. The degree of heat transfer is determined by the thermal properties of materials, their geometries, and the temperature gradient. To have a better understanding of the entire oven-control system, the degree of thermal conduction can be expressed as a thermal equivalent circuit [15] . The thermal resistance of a simple isolation platform suspended by mechanical support arms is estimated as
where R S O L and k S O L are the thermal resistance and thermal conductivity of the solid arms suspending the platform, with l as their length, and A as their cross-sectional area.
To minimize heat transfer across the support arms, they should be long, narrow, and made from a material with low thermal conductivity. A typical example of this type of path is a crableg shape [13] . Four long, narrow legs suspend the platform on which a sensor is mounted. The platform is similar to that reported in [13] and has very low thermal conductivity. Electrical connections are achieved through metal lines patterned on these support legs. Heat transfer will also occur through these metal lines. One might consider designing extremely long, narrow legs for better thermal isolation. However, this might lead to a low resonant frequency of the platform, the potential for breakage, and high electrical resistance in the electrical connections [13] . Gas conduction is another source of heat transfer in an oven-control system. In general, if the pressure inside an oven-control package is at sub-mTorr level, this conduction will be negligible [16] . However, due to self-heating, it is not desirable to seal an oven-control system at pressures much below 10 mTorr. Self-heating could occur due to the power dissipation of either the MEMS device or the readout circuitry used with the MEMS device. Most MEMS devices that are oven controlled do not dissipate too much power. However, most commercial MEMS devices utilize local CMOS readout circuitry whose total power consumption could be several milliwatts. This mW-level power consumption could become a significant heat source due to self-heating when the surrounding pressure is too low. For instance, at a pressure level in sub-mTorr, thermal resistance through gas conduction may be higher than 10,000K/W depending on the device size [16] . The temperature increase due to self-heating will then be 100°C with only 10mW dissipation from the MEMS-CMOS chip, leading to the minimum oven temperature setting being 185°C for commercial temperature span (-40 to 85°C). Therefore, it is ideal to keep the package pressure above ten mTorr. For this pressure level and cm-size cavity, the Low-Pressure theory can be used for accurate calculation of the thermal conductivity due to gas conduction (k GAS ) as follows [17] :
where
k G AS and k G AS,0 represent the thermal conductivity at the package and atmosphere pressure levels, respectively; c is a constant equal to 7.6×10 −5 m·K/N; PP is a pressure parameter; P is the pressure in Pa; d is the distance between the platform and the package; and T is the temperature in Kelvin. One should note that even if the pressure parameter is much smaller than 10 −4 N/m·K, where the free molecule theory is normally used, this simple equation should give very accurate results [17] . The thermal resistance due to gas conduction can be calculated in the same manner as solid conduction. Gas convection can usually be ignored, since the package is fully sealed and isolated from the environment. The last heat transfer mechanism in an oven-control system is radiation. In radiation, heat is transferred through electromagnetic waves, and no medium is required. A simplified equation for thermal resistance through radiation between two walls having the same view factor would be [16] R T H,R AD = ε −1
where R T H,R AD is the thermal resistance due to radiation; ε 1 and ε 2 are emissivities of the sensor and the oven-control package; T s and T sur are absolute surface temperatures of the sensor and the oven-control package in Kelvin; A is the area of the sensor and the oven-control package, which are assumed to be the same; and σ is the Stefan-Boltzmann constant, 5.56×10 −8 W/m 2 K 4 . Radiation becomes very significant as the temperature difference between the sensor and the package (i.e. surrounding temperature) increases. This is problematic for oven-control systems, where the oven set temperature is always kept at a higher temperature than the surrounding temperature. One way to reduce this radiation loss is to use a material with very low emissivity for the package, such as an aluminum. Practically, an HC-40 metal package can be used for this purpose. The equivalent thermal circuit of the hermetic package can now be drawn as shown in Fig. 2 [15] . The total thermal resistance from the sensor to the package shell will then be
where R T OT is the total equivalent thermal resistance from the IMU to the shell; R S O L1 and R S O L2 are thermal resistances due to solid conduction, R G AS1 and R G AS2 are thermal resistances due to gas conduction, and R R AD1 and R R AD2 are thermal resistances due to radiation from the IMU to the shell, and from the heater to the shell, respectively. As Eq. (5) suggests, heat loss is dominated by any path that has the smallest thermal resistance. At higher pressure, therefore, it is expected that heat transfer will be dominated by gas conduction. From a certain pressure level and below, on the other hand, gas conduction will become negligible, while solid conduction and radiation will be the dominant heat transfer paths.
For the hermetically-packaged IMU presented in this paper, the pressure level is in the tens of mTorr level. Considering that there is a much smaller cavity size below the platform than above the IMU (i.e. R TH,GAS1 R TH,GAS2 ), high solid thermal conduction from the heater to the IMU (i.e. small R TH,SOL1 ), and the high-reflectivity (or lowemissivity) of the metal package (i.e. large R TH,RAD1 and R TH,RAD2 ), we can approximate the total equivalent resistance from Eq. (5) to be
Using Equations (2) and (3), the thermal resistance through gas (R GAS2 ) and solid conductions (R SOL2 ) are then calculated as shown in Fig. 3 . R GAS2 is much smaller than R SOL2 when P > 500mTorr, which makes this region a gas conduction dominant region. On the other hand, the thermal resistance through gas conduction exponentially increases as the pressure level decreases below 5mTorr. Thus the pressure level <5mTorr makes solid conduction dominant. Pressure levels between these two extremes will be equally dominated by both gas and solid conduction. Furthermore, when the pressure level is extremely low where the gas conduction has almost no effect, and an IMU is oven-controlled at a high temperature, the radiation effect will be non-negligible, resulting in a lowering of the total thermal resistance. Fig. 4 shows the geometry of the hermetically-packaged 6-axis IMU. A commercial 6-axis IMU, Invensense MPU-6050, is mounted on an isolation platform, which is etched from an isolation substrate to form a suspension, thus effectively reducing heat transfer through a solid conduction. The platform fabrication steps are presented in [13] . The diameter and the height of the entire package are 1.7cm and 0.8cm, respectively, while the diameter and the height of the isolation platform are 1.5cm and <1mm, respectively. Au/Pt heater and resistance temperature detector (RTD) are fabricated around the center of the isolation platform. In this way, they can be located immediately below the IMU for a high thermal conduction between the heater, RTD and the IMU. Electrodes also have the same material and thickness. A high thermally conductive die attach adhesive is used for high thermal-conduction between these. The Invensense MPU-6050 has 3-axis gyroscopes, 3-axis accelerometers, readout integrated circuits, and an on-chip CMOS temperature sensor. The electrical interconnections for the IMU are fabricated along the legs of the isolation platform and connected to the feedthrough using the conductive adhesive. This isolation platform together with the IMU is then vacuum-sealed in an HC-40 package.
III. MICRO OVEN-CONTROL SYSTEM A. Hermetically-Packaged 6-Axis IMU
To validate the simplified mathematical model for the total thermal resistance of the hermetic package (R TOT ) in Eq. (6), the thermal resistance versus pressure level was measured in a vacuum chamber. Electrical connections were made for the IMU, and the cap of the package was removed for testing. This assembled IMU was then placed inside a vacuum chamber where the vacuum level could be adjusted. No power was supplied to the heater, because the IMU itself consumes around 10mW from its application-specific-integrated-circuits (ASIC) due to the "self-heating." Therefore, the power consumption and the temperature of the IMU were measured to calculate thermal resistance at different vacuum levels at room temperature. Fig. 5 shows the measured R TOT and the calculated R TOT using Eq. (6). As shown, the simplified model matches very well with the experimental measurement. Furthermore, from this measurement, it is determined that the optimum pressure level would be 7mTorr or higher to minimize the effects of self-heating.
The mechanical resonant frequency of the platform should also be considered as it might affect inertial measurements. In order to find the resonant frequency, we simulated the isolation platform with the attached IMU. From the simulation, the lowest resonant frequency was observed to be 3.33kHz. Therefore, any inertial measurement lower than this frequency would not be affected. Furthermore, the isolation platform would filter out any mechanical vibration above 3.33kHz.
B. Temperature Sensing Location for Temperature Control
Measuring an accurate temperature for the IMU is critical because the temperature reading of the sensor can differ from that of the IMU due to the finite thermal resistance between them. The temperature was measured using three different sensors to find the best method to determine the IMU temperature. These sensors include the RTD temperature sensor, which is deposited on the isolation platform near the heater, a CMOS temperature sensor, which is integrated into the MPU-6050, and the resonant frequency of one of the gyroscopes in MPU-6050. For the RTD temperature sensor, a voltagecontrolled current source (VCCS) was used, as shown in Fig. 8 . For the CMOS temperature sensor, the digital output from the MPU-6050 was directly obtained. Finally, the resonant frequency of the gyroscope was measured from an interrupt pin of MPU-6050 by choosing the drive frequency of the gyroscope as the main reference clock for MPU-6050 circuits. In order to measure the resonant frequency, another clock source, which is already available from the microcontroller in our system, was used to measure the resonant frequency. In separate testing, we adjusted the temperature of the clock source from −40°C to 85°C and found that its temperature drift is about ±10ppm over this temperature range. We did not use an outside more accurate clock in order to measure the resonant frequency as it would not be practical in real life applications to rely on another accurate clock source to control the MEMS resonator.
For each test, the gyroscope's frequency variation was calibrated to the temperature measured on a temperature sensor outside of the package and used as reference for inferring the the "actual" device temperature. This is the y-axis in Fig 6. In each of the tests shown in this graph, the outside temperature was ramped from −40 to 60°C and either the uncalibrated gyroscope frequency, the RTD or the CMOS sensor were used to closed-loop control the oven temperature to a targeted 80°C. As illustrated, when using the uncalibrated gyroscope frequency for closed-loop temperature control, there was a ±0.4°C change in the "actual" device temperature. This is likely due to the ±10ppm change in the reference oscillator (described in the last paragraph) used for measuring the resonant frequency. As illustrated, when using the RTD for closed-loop temperature control, there was a ±3.3°C change in the "actual" device temperature. This is likely due to the thermal resistance between the RTD and the gyroscope causing a thermal gradient which changes as the outside temperature changes. Finally, when using the CMOS sensor for closedloop temperature control, there was a ±0.03°C change in the "actual" device temperature. This excellent stability over outside temperature is likely due to how close it sits to the actual gyroscope in the IMU die. We concluded that the CMOS temperature sensor is the most accurate source to determine the actual IMU temperature.
C. Temperature Control Scheme
The temperature control scheme is an important part of the oven-control system because the temperature of the sensor needs to be kept at a constant value regardless of any environmental changes. There are many different types of control schemes. One of the most common and well-developed is proportional-integral-derivative (PID) controller. It can be mathematically represented as
where K P , K I , and K D are proportional (P), integral (I), and derivative (D) constants, e(t) is the error at time t, and V (t) is the controller output. To obtain an initial good guess of the PID parameters, we used one of the most popular methods, Ziegler-Nichols step response method [18] . We first applied a step input voltage with the magnitude of 1V to the input of the heater driving circuit at 0 second. The step response at TABLE I ZIEGLER-NICHOLS STEP RESPONSE METHOD the IMU temperature was then observed, as shown in Fig. 7 . Based on the step response and Table 1 , PID parameters were calculated. In the step response experiment, we found that a is 4.74°C and τ is 0.83 seconds. To build an oven-control system with faster rise and settling times, and better stability, we manually fine-tuned those coarsely-tuned values afterward. While properly chosen PID values are important for the performance of the oven-control system, it is also important to attempt to supply stable power to the system based on the PID output. This is why an appropriate method of supplying current to a heater inside a hermetic package is needed. Additionally, to obtain the integration capability of the entire oven-control system, the heater driving circuit should be as simple as possible without sacrificing the performance. Based on these considerations, a voltage-controlled current generator shown in Fig. 8 was designed as the heater driving circuit. This heater driving circuit converts the PID voltage, V PID , to current, I Heater , for Joule heating at the heater. More specifically, by using two amplifiers with the rail-to-rail operation, V PID has a linear relationship with I Heater through the feedback resistor R Feed . Due to this linear relationship, this circuit was also used to supply a constant current to the RTD sensor for accurate platform temperature sensing.
D. Compensation Algorithm
Even after perfecting the oven-control, there may be residual bias errors from temperature-induced stress on the sensor, imperfect isolation of the sensor, thermal gradient across the isolation platform, temperature changes in oven-control electronics, and other effects. These residual errors are usually non-linear, and a compensation algorithm should be used to reduce these errors.
Two different types of compensation algorithms can be applied to the micro oven system: foreground compensation and background compensation. In foreground compensation, a bias-to-temperature relationship is pre-calculated through a curve-fit. This fitted curve is then saved as a look-up table to subtract an appropriate value at a specific temperature. This method is also known as a factory calibration. In background compensation, the compensation parameters are calculated and updated on-line. This method is one type of machinelearning technique. Typical examples of the foreground and background compensations are the least mean square (LMS) and the random forest, respectively [19] .
Through the LMS compensation algorithm, we can find the relationship between multiple sets of data and a sensor's outputs. A 1 st order polynomial curve-fit is used to find the best coefficient for each variable. The compensated sensor output can be expressed as
where S comp and S are IMU outputs after and before compensation respectively; T amb is the ambient temperature; T plat is the platform temperature; V P I D is the PID controller output voltage; and a 1 , a 2 , and a 3 are compensation coefficients. The random forest is one of the most efficient machine learning methods for classification and regression. This method is used in various research areas, such as image processing and recognition [20] , [21] . Although the random forest requires very intensive calculations, this method can be implemented on a system with a high-performance processor in real-time, such as a GPU [22] . In order to apply this method to our system, T amb , T plat , and V P I D are used as training sets in the model. These training sets are then used to calculate a regression signal to predict the IMU outputs as follows:
where f is the regression signal for each training set of T amb , T plat , and V P I D , and g is the compensated IMU signal. Here, a number of decision trees are built from various sub-samples of the training sets. In other words, a finite number of variables are randomly selected in each independent training set and the Fig. 9 . Printed circuit board of the oven-control system [23] .
same number of target sensor outputs is randomly selected as well. Combining the predictions from each tree then reduces the variance of the predictions and consequently improves the IMU performance. Finally, this process is iterated for the entire training sets and IMU outputs. Performance comparisons between these two algorithms are made in section IV.
IV. MEASURED RESULTS
The entire system is fabricated on a single printed circuit board (PCB) measuring 7.6cm by 5.0cm, as shown in Fig. 9 . The heater driving circuit, surrounding temperature sensor, any peripheral discrete components for IMU and microcontroller are assembled on the PCB. Also, the PID controller, LMS compensation algorithm, and IMU data communications are implemented on the microcontroller. Finally, the random forest is implemented on a separate computer due to its intensive computations.
To find the vacuum level inside the package at different ambient temperatures and to find the lowest possible set temperature, a thermal-cycle test without oven-control was conducted. Interestingly, the thermal resistance changed from 1200 K/W to 600 K/W as the ambient temperature changed from −40°C to 80°C, as shown in Fig. 10 . This implies that the vacuum level inside the package changes with the ambient temperature. We believe this is because outgassing from the conductive adhesive on feedthroughs changes as the ambient temperature changes. This is helpful for the oven-control system since the thermal resistance decreases at a higher ambient temperature, there will be less self-heating at a higher ambient temperature accordingly. Therefore, we can control the system at a lower set temperature and save power at lower ambient temperature. We found that the best settemperature for our system is 92°C.
The IMU was then oven-controlled at 92°C and the entire system was thermal-cycled. Fig. 11 and Table 2 show the bias changes of the hermetically-packaged 6-axis IMUs without either the oven-control or compensation (IMU Only), with the LMS compensation only (Comp Only), with the oven-control only (Oven Only), and with both the oven-control and compensation algorithms, the LMS (Oven & LMS) and the random forest (Oven & RF), respectively. The surrounding temperature was thermal-cycled from −40°C to 85°C for each configuration. IMU temperatures showed the average standard deviation (1σ ) of 7.8m°C for all configurations, and the rate of the change of the surrounding temperature was set to 1°C/min for each test. Each configuration had one hour of stabilization time prior to the thermal-cycle test. Furthermore, root of sum of squares (RSS), which is one of the metrics for drifts in a 3-axis navigation system [24] , is used for comparisons of bias changes. The equation can be expressed as
where X dri f t , Y dri f t , and Z dri f t are peak-to-peak temperatureinduced bias drifts on the X-axis, Y-axis, and Z-axis inertial sensors, respectively. When neither oven-control nor compensation was applied to the 6-axis IMU (IMU Only), the total bias change was very high for both gyroscopes and accelerometers. Particularly for gyroscopes, the X-axis showed the largest bias drift, while the Z-axis showed the smallest drift. The main difference between these two axes is their gyroscope mechanical structures, and we think that this may be the main reason why the X-axis is more susceptible to temperature changes than the Z-axis [25] .
In addition, although X and Y-axis gyroscopes have the same gyroscope structures with Y-axis rotated by 90°, we observed that X-axis bias changes were three times larger than that of Y-axis. This is, however, not always the case, because we found from other MPU-6050 samples that Y-axis bias changes were larger than X-axis, or they were about the same in some other cases. Similarly, for the accelerometers, X-axis and Y-axis structures are the same but rotated 90°, while Z-axis has a different structure. For accelerometers, Z-axis showed the largest bias changes of all, and this was consistent for other samples.
When a 3rd-order LMS compensation alone was applied to this IMU (Comp Only), the RSS of 3-axis bias drifts were suppressed by 8 times and 5 times for gyroscopes and accelerometers, respectively. In this case, the effectiveness of the compensation algorithm was not so significant, because IMU temperature is the only information that could be used for this compensation. Furthermore, since this method relies on one-time factory calibration, it is expected that the bias changes would become even larger due to the effect of environmental changes on the plastic package of the commercial sensor, such as humidity and temperature-induced stress.
Next, the hermetically-packaged IMU was oven-controlled at 92°C (Oven Only). RSS of 3-axis bias changes were significantly reduced by 108 times, and 13 times for gyroscopes and accelerometers, respectively. We still see, however, relatively larger bias changes than expected, particularly for accelerometers. In other words, even though we reduced the temperature changes of the IMU by more than 1000x, the inertial sensors showed much smaller improvements. We believe there are two main sources that might have caused this problem. First, the coefficient of thermal expansion (CTE) difference between the plastic package of the commercial unit (7.9ppm/K), silicon MEMS devices (2.6ppm/K), isolation platform (3.3ppm/K), and intermediate adhesives (55ppm/K) can cause thermalinduced stress on the MEMS devices. Second, low thermal conductivity of the plastic package can cause a temperature gradient throughout the IMU.
As an effort to reduce these residual bias drifts, an LMS compensation algorithm was applied (Oven & LMS). For this LMS algorithm, information from three different sensors was used, namely a surrounding temperature sensor (T sur ), an RTD temperature sensor on the isolation platform, and a PID controller (V PID ). One merit of including PID controller output voltage in the compensation algorithm is that any changes in material thermal properties for a long time can be somewhat compensated because those changes will be reflected in the PID controller outputs. As a result, the RSS of 3-axis bias drifts were significantly reduced by 305 times and 87 times for the gyroscopes and accelerometers, respectively.
Although LMS compensation can greatly reduce residual bias drifts, it is a foreground compensation, meaning that the system can degrade the performance after a long period of time. To avoid this issue, we utilized the background compensation algorithm, random forest (Oven & RF). The improvements in the RSS bias drifts were 345 times and 97 times for gyroscopes and accelerometers, respectively. More importantly, it is expected that the performance will degrade by less than the one-time factory calibration method for longterm thermal-cycle tests. The gyroscope and accelerometer axes with the highest temperature drift were the gyroscope X-axis and the accelerometer Z-axis, and they are plotted in Fig. 11 . These plots suggest that any commercial-grade sensors can be stabilized to have very low bias changes over extreme temperature changes. Table 2 summarizes the comparisons between five different configurations for all 6 axes.
After these short-term tests, we also conducted mid-term stability tests to further observe the effectiveness of our oven-control system. This time, the thermal-cycle was repeated 8 times in 24 hours and its profile is shown in Fig. 12 . We could observe that the IMU outputs were slightly drifting over time. Moreover, the initial compensation coefficients for the LMS were not as effective over time due to hysteresis and drift, while the RF showed better stability over time.
We believe the two main sources for this drift are the inherent noise of the MPU-6050, such as the flicker noise and the Brownian noise, and the aging effect of some of the materials in our package design, such as the intermediate adhesive layer and the plastic package. We expect that by redesigning the plastic package and changing the adhesive layer to more stable material, this drift will be minimized. Finally, the heater power consumption of this hermeticallypackaged IMU was less than 125mW at all times.
V. CONCLUSION In this paper, a micro oven-control system for commercial 6-axis IMU (Invensense MPU-6050, 3-axis gyroscopes and 3-axis accelerometers) was presented. The RSS bias changes of the three gyroscopes and the three accelerometers were reduced by 345 times (from 21645°/hr to 62.71°/hr) and 97 times (from 185.9mg to 1.920mg), respectively during the thermal-cycle test over 125°C surrounding temperature changes, from −40°C to 85°C with a 1°C/min rate of change. Particularly, the reduction rates were 378 times for gyroscope X-axis, and 127 times for accelerometer Z-axis. The heater power consumption was less than 125mW at all times, and the entire oven-control system was implemented on a single PCB measuring 7.6cm × 5.0cm.
Key elements required for implementing a good micro oven-control system were discussed. They are a high thermal isolation of inertial sensors, accurate temperature sensing and control schemes, and temperature compensation algorithms. The inertial sensors could be isolated from the surrounding by fabricating a beam-supported isolation structure and a thermally isolating material, low-pressure vacuum sealing, and a metal package, which effectively minimize solid conduction, gas conduction, and radiation, respectively. For accurate temperature sensing, a CMOS temperature sensor on the same die with the MEMS sensors was used. For accurate and efficient temperature control, a PID controller was used and PID constants were found based on a Ziegler-Nichols and finetuning methods. Finally, effective temperature compensation algorithms, the LMS and the random forest, were used to eliminate any residual errors after the oven-control.
There are various noise sources of inertial sensors that are subject to change over temperature, and most could be successfully removed using the oven-control system and compensation algorithms. Possible future work will include: 1) analyzing and optimizing temperature-induced stress on IMU, 2) analyzing run-to-run stability and repeatability of the oven-control system, 3) implementing an oven-control system with lower power consumption, and 4) applying these oven-controlled IMUs to practical applications.
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